This work demonstrates the first nonpolar vertical GaN-on-GaN p-n power diodes grown on m-plane free-standing substrates by metalorganic chemical vapor deposition (MOCVD). The SEM and HRXRD results showed the good crystal quality of the homoepitaxial nonpolar structure with low defect densities. The CL result confirmed the nonpolar p-GaN was of high quality with well activated Mg acceptors and considerably reduced deep-level (DL) states. At forward bias, the device showed good rectifying behaviors with a turn-on voltage of 4.0 V, an on-resistance of 2.3 mΩ·cm 2 , a high on/off ratio of ~ 10 10 , and a low leakage current of ~ 10 −7 A/cm 2 . At reverse bias, the current leakage and breakdown were described by the trap-assisted space-charge-limited current (SCLC) conduction mechanism, where I was proportional to V 4.5 . The critical electrical field was calculated to be 2.0 MV/cm without field plates or edge termination, which is the highest value reported on nonpolar power devices. The high performance m-plane p-n diodes can serve as key building blocks to further develop nonpolar GaN power electronics and polarizationengineering-related advanced power device structures for power conversion applications.
Gallium nitride (GaN) has attracted considerable attention for efficient power conversion applications, due to its large bandgap, high breakdown electric field and high Baliga's figure of merit. 1 Previously, due to the lack of native GaN substrates, GaN power devices were usually heteroepitaxially grown on lattice-mismatched foreign substrates with large defect densities and limited device performance. 2, 3 Recently, advancements in GaN crystal growth have made freestanding bulk GaN substrates commercially available. 4 Homoepitaxial growth of GaN power devices on these substrates can enable significant reduction in defect densities and improvements in device performance. 5, 6 Due to the availability of heavily doped GaN substrates, novel vertical power devices have been developed for high voltage and high power applications. 1 In contrast with lateral devices such as high electron mobility transistors (HEMTs) 7 , in vertical devices, the currents flow vertically through the devices and the reverse voltages are held vertically. The advantages of the vertical structure over the lateral structure are multifold 1 : smaller chip area, larger current, less sensitivity to surface states, better scalability, smaller current dispersion which is a big issue for HEMTs 7 , etc.
Currently, the majority of vertical GaN-on-GaN power diodes such as p-n diodes while c-plane is exclusively comprised of Ga. 9 Therefore, the polar GaN c-plane features a very strong spontaneous and piezoelectric polarization fields. 10 This led to various issues in optoelectronics, such as quantum confined Stark effect (QCSE) 11 and efficiency droop 4,12 . The polarization-free nonpolar m-plane was proposed to address these issues. 13 For power electronics, these polarization fields on the polar plane induce high density of two-dimensional electron gas (2DEG) for lateral HEMTs, which are promising for high frequency applications. 1, 7 However, the 2DEG also makes it very difficult to realize a normally-off device that is highly desired for the safe circuit operation. 14 The nonpolar planes are advantageous for realizing normally-off transistors with large threshold voltages. 14, 15 Some novel device concepts have also been theorized on m-plane such as vertical polarization-based superjunctions (SJs) and transistors. 16, 17 In addition, there is also a pressing demand for more advanced GaN power device structures 18 , such as vertical junction field-effect transistors (VJFETs) 19 , junction barrier Schottky The p-GaN of the nonpolar p-n diodes was also examined in detail by cathodoluminescence (CL), since p-doping in WBG semiconductors has always been a challenging task and p-GaN plays a critical role in the electrical properties of GaN devices. The CL spectrum was obtained using a JEOL 6300 SEM operating in the raster scan mode with an accelerating voltage of 7 kV and a beam current of 100 pA at room temperature. CL images were recorded by setting the monochromator to a specific wavelength to study the spatial distribution of the CL intensity. In Fig. 3(a) , several peaks were identified in the CL spectrum using the Gaussian fitting. The 3.40 peak was very close the bandgap of GaN and was due to the free exciton transition near the band edge or the near band-edge (NBE) transition. 22 The 3.25 peak was caused by emission of the donoracceptor pairs (DAP) due to the the conduction band (CB) or shallow donor to Mg acceptor transition. 23 The Mg activation energy was estimated to be ~ 150 meV. The 2.95 eV peak was due to the deep donor (Dd) to Mg acceptor transition. This peak has been widely observed and studied in p-GaN. 24 The deep donors were located ~ 0.30 eV below the CB and related to nitrogen vacancies (VN). The formation of VN is energetically favorable in p-GaN and most of the Mg acceptors are compensated by VN especially at high Mg concentrations. 24 Therefore, NA in p-GaN is the net hole concentration after taking the self-compensation effect into account. In addition, we observed a very weak broad peak due to the deep level (DL) transition (i.e., the CB to deep acceptor eV), respectively. The first peak was due to the NBE emission, and the second peak was due the DAP emission. The third peak is due to the DL transition, indicating the existence of deep acceptors in the drift layer. The origin of the deep acceptors has been attributed to gallium vacancies (VGa) or interstitial carbon (CI).
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The ideality factor n of the devices was also extracted as a function of voltage by
where q is electron charge, k is the Boltzmann constant, T is temperature and J is the current density.
At bias below 2.0 V, the current is below the setup detection limit and n couldn't be extracted. The n first deceased to a minimum at a certain voltage and then increased with increasing voltage. The minimum n of the p-n diodes was 2.1 at 2.50 V. The relatively high n is due to the high p-GaN ohmic resistance. 3 Before 2.50 V, the transition from the Shockley-Read-Hall (SRH) recombination current to diode diffusion current resulted in the decrease of the n. The increase of the n after 2.50 V is caused by series resistance effects. 28 In Fig. 4(b) , current density and on- Figure 5(a) shows the temperature-dependent forward I-V characteristics of the nonpolar p-n diodes from 25°C to 175°C. The Von and Ron were extracted as a function of temperature in Fig. 5(b) . The Von decreased from 4.0 V to 3.7 V and the Ron increased from 2.3 mΩ·cm 2 to 4.5 mΩ·cm 2 from 25 °C to 175 °C. The decrease of Von with increasing temperature was attributed to the exponentially increasing diode diffusion current. 28 By linearly fitting the experimental data, Von was found to decrease at a rate of 2.2 mV/°C. The increase of Ron with temperature was due to the reduced carrier mobility at high temperature caused by strong phonon scattering.
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Figure 6(a) presents the reverse I-V characteristics of the nonpolar p-n diodes in log-log scale. A sudden change in the slope of the log I-log V curves of the devices was observed at a hump voltage of VTFL [traps-filled-limit (TFL) voltage] with a soft breakdown behavior. 3, 32 When the reverse bias was below VTFL, some of the injected electrons started to fill the deep acceptor traps and the rest contributed to the reverse leakage current. At the reverse bias of VTFL, the sudden increase in the slope of the logarithmic I-V curves indicated that the electron-filling process of the deep acceptor traps was completed. 32 Such reverse characteristics can be described by a spacecharge-limited current (SCLC) conduction mechanism with traps 33,34
where A is the device area, µ is the mobility, NC is the effective density of states, NT is the trap 
where dp is the thickness of p-GaN and dn is the thickness of n-GaN. The critical electric field Ec is the larger value between Ep and En. The ND was extracted from C-V and 1/C 2 -V characteristics to be 3.5 × 10 17 cm −3 . The nonpolar p-n diode had a VTFL of 106 V, and NT was estimated to be 3.0 During the fabrication of vertical JFETs JBS and SJs, the nonpolar surface will be exposed, and a nonpolar p-n junction will be formed. 
